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The X-rays of the nar row-spec trum N-se ries rang ing from 40 kV to 150 kV were used to de -
ter mine the ra di a tion at ten u a tion abil ity of a new cat e gory of a poly mer com pos ite fab ri cated
for shield ing pur poses. High den sity poly eth yl ene was syn the sized through a com pres sion
mold ing tech nique, and in cor po rated with var i ous filler amounts (10, 15, 25, and 35 wt.%)
of bulk mi cro-sized WO3 (Sam ple A), two WO3 nanoparticles 45 nm (Sam ple B), and 24 nm
(Sam ple C). The WO3 filler was iden ti fied and char ac ter ized us ing X-ray dif frac tion and a
trans mis sion elec tron mi cro scope. The mass dis tri bu tion of the chem i cal el e ments of the syn -
the sized com pos ites was de ter mined by en ergy dispersive X-ray anal y sis. The ob tained re sults
of the dif fer ent at ten u a tion pa ram e ters re vealed that the par ti cle size and weight frac tion of
WO3 par ti cles have an out stand ing ef fect on the X-ray shield ing abil ity of this com pos ite. The
ex per i men tal mea sure ments of the mass at ten u a tion co ef fi cients were com pared to the the o -
ret i cal val ues tab u lated in the NIST da ta bases XCOM and FFAST. The mass at ten u a tion co ef -
fi cient was in creased with the in cre ment of WO3 wt.% as well as with the de crease of the WO3

par ti cle size. This im prove ment in the at ten u a tion pa ram e ters of the NP(C) com pos ite sug -
gests their prom is ing ap pli ca tions in ra di a tion pro tec tion at the di ag nos tic level.
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IN TRO DUC TION

The X-ray ex po sures re sult ing from ra dio log i cal 
pro ce dures con sti tute the larg est part of the pop u la tion
ex po sure from ar ti fi cial ra di a tion. There is a great de -
mand to con trol these doses and there fore to op ti mize
the de sign and use of X-ray im ag ing sys tems [1]. In di -
ag nos tic ra di ol ogy, the most com plete spec i fi ca tion of
X-ray beams is de ter mined by their spec tral dis tri bu -
tion. The X-ray spec trum usu ally con sists of sev eral
nar row char ac ter is tic peaks on a con tin u ous spec trum.
The tran si tion of elec trons from outer to in ner atomic
or bits pro duces char ac ter is tic peaks, while the con tin -
u ous X-ray spec trum is com prised of brems strah lung
ra di a tion cov er ing a wide en ergy dis tri bu tion [2]. A
de scrip tion of ra di a tion qual i ties of X-ray beams is
usu ally spec i fied in terms of the X-ray tube volt age, to -
tal fil tra tion, and first half value layer [1]. 

Ra di a tion pro tec tion of the pa tients, as well as oc -
cu pa tional safety of the staff, are of great in ter est dur ing

ra di a tion ex po sure when con duct ing dif fer ent pro ce -
dures. The at tempts to min i mize the dose in high risk
re gions while pre serv ing good im age qual i ties is a great
chal lenge for most re search ers. In this con text, de sign -
ing proper, cost-ef fec tive, light weight, and ef fi cient
ma te ri als to main tain proper ra di a tion shield ing is de -
vel oped through the use of poly mer com pos ite ma te ri -
als [3, 4]. It has been con firmed in the lit er a ture be fore
the ra di a tion at ten u a tion ef fi ciency of poly mer com pos -
ite ma te ri als against dif fer ent types of ra di a tion us ing
var i ous types of poly mers and fill ers [5-9].

The use of poly mer com pos ite ma te ri als as ra di -
a tion shield ing against X-rays is still prom is ing and
de vel op ing. The high den sity poly eth yl ene (HDPE)
was cho sen as a poly mer base ma trix due to its unique
prop er ties such as light ness, avail abil ity, and easy pro -
cess ing. Tung sten ox ide WO3 in both bulk and
nano-size form was in cor po rated as a filler within
HDPE. The WO3 is con sid ered a heavy el e ment with
po ten tially ra di a tion shield ing be hav ior [10]. Many
stud ies were fo cused on the im pact of add ing mi cro
and nano-size metal ox ides spe cially WO3 in the X-ray 
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at ten u a tion of the syn the sized com pos ites, such as
study ing the X-ray at ten u a tion char ac ter iza tion of
Bi2O3/PVA and WO3/PVA nano-fi ber mats with dif -
fer ent filler load ings (0-40 wt.%) pre pared by us ing
the elec tro-spin ning method [11]. The ob tained re sults 
were com pared at var i ous X-ray en er gies (8.64-25.20
keV) us ing an X-ray flu o res cent (XRF) unit. The re -
sul tant ex per i ments re vealed that the Bi2O3/PVA
nano-fi ber mat at tained higher X-ray at ten u a tion abil -
ity more than theWO3/PVA nano-fi ber mat for all filler 
load ings. In ad di tion, the pre pared WO3 or Na2WO4

con tain ing poly-dimethylsiloxane, tan ta lum (Ta), and
tan ta lum ox ide (Ta2O5) con tained uni ver sal sil i cone
(UNSI) com pos ites with con cen tra tions 10, 20, 30, 40, 
and 50 wt.% for ra di a tion shield ing. By us ing di ag nos -
tic X-ray tube volt ages op er ated at 83 and 121 kV, the
X-ray at ten u a tion prop er ties of the com pos ites were
stud ied. The ob tained re sults within the en ergy in ter -
val of 68-87 keV showed that the com pos ites con tain -
ing Ta and W were more ef fec tive com pared to pure
lead [12].

The in cor po rated tung sten nanoparticles as filler 
into the room tem per a ture vul ca niz ing sil i con rub ber
(SiOC2H6)n ma trix, where the fab ri cated com pos ite
was pre pared with var i ous wt.% up to 80 wt.% to study 
the soft X-ray shield ing abil i ties. The re sults re vealed
that above 69.5 keV of pho ton en ergy, the ob tained
com pos ite showed better absorbance of X-rays com -
pared to lead-based com pos ites [13]. The pre pared
dioctyl phthalate (DOP) oil and emul sion poly vi nyl
chlo ride (PVC) pow der were mixed by nano- and mi -
cro-pow ders of WO3 and Bi2O3 to fab ri cate a paste
hav ing the weight ra tio of 20 % PVC, 20 % DOP, and
60 % nano- and mi cro-met als. The X-ray shield ing
prop er ties of the fab ri cated pro to types were de ter -
mined us ing a CBCT unit and do sim e ter. The ob tained
re sults in di cated that the nano-struc tured WO3 pro to -
type was nearly 34 % more ef fi cient in at ten u at ing ra -
di a tion com pared to the mi cro-struc tured WO3 pro to -
type [14]. The at ten u a tion abil ity of com pos ites
con tain ing mi cro-sized and nano-sized WO3 was stud -
ied in the X-rays di ag nos tic en ergy range 40-100 kV
by em bed ding them as fill ers in emul sion poly vi nyl
chlo ride (EPVC). The re sults showed that the at ten u a -
tion abil ity of nano-sized WO3 con tain ing shields was
better com pared to that of the mi cro-par ti cle size [15]. 

Only some ar ti cles have been pub lished con cern -
ing the es tab lish ment of ref er ence X-ray beam qual i ties
at Sec ond ary Stan dard Do sim e try Lab o ra tory (SSDL)
[16-19]. Over the past years, the Leb a nese SSDL pro -
vided ra di a tion pro tec tion cal i bra tions us ing the ref er -
ence X-ray beam qual i ties rec om mended by the ISO
4037-1 stan dard (nar row-spec trum se ries: N-40 to
N-200). In the pres ent study, the X-ray nar row-spec -
trum se ries were used to in ves ti gate the ra di a tion
shield ing ef fi ciency for the pre pared HDPE/WO3 com -
pos ites which was syn the sized by add ing dif fer ent par -
ti cle sizes of the filler WO3 at var i ous weight frac tions

(10, 15, 25, and 35 wt.%) by us ing the com pres sion
mold ing tech nique. The new cat e gory of the
HDPE/WO3 com pos ite pro vides use ful in for ma tion
about the proper WO3 size and wt.%, which is re quired
to en hance the ra di a tion at ten u a tion prop er ties of the
com pos ite for fur ther ap pli ca tions in the fields of ra di a -
tion pro tec tion and ra di a tion shield ing.

MA TE RI ALS AND METH ODS

Ma te ri als 

Com mer cial HDPE (Egyptene HD5403EA grade)
sup plied by SIDPEC (Sidi-Kerir Pet ro chem i cals Com -
pany, Egypt), with a den sity of 0.955 gcm–3 and a melt
flow in dex (MFI) of about 0.35 g per 10 min was used as
a poly mer ma trix. Tung sten (VI) ox ide (WO3) in pow der
form with (pu rity ³ 99 %, par ti cle size £ 25 µm, MW =
=.231.84 gmol–1, and den sity of 7.16 gcm–3) was pur -
chased from Sigma-Aldrich (USA) and used with out
fur ther pu ri fi ca tion.

The WO3 nanoparticle prep a ra tion 

The me chan i cal method des ig nated by a
high-en ergy plan e tary ball mill (Retsch, PM 100, Leb -
a non) in the dry state was used for the prep a ra tion of
WO3 NP. The ball mill ing pro cess was per formed in a
250 mL zir co nium ox ide grind ing jar at room tem per a -
ture un der the fol low ing con di tions: 
– The ra tio of the ball of pow der weight is 10:1, the

ro ta tion speed is about 400 rounds per min ute
(rpm), and the break time of 1 minute.

– Two dif fer ent mill ing times were ap plied as a spe -
cific amount of the bulk WO3 was milled for 30
min utes with an in ter val func tion of 1 min ute and
an other amount for 2 hours with an in ter val func -
tion of 5 min utes.

– The milled WO3 at dif fer ent mill ing times were
char ac ter ized and based on the re sul tant size of NP 
achieved.

– The two mill ing times at 30 minutes and 120
minutes were iden ti fied as WO3 NP(B) for 45 nm
size and WO3 NP(C) for 24 nm size, re spec tively.

Poly mer com pos ite syn the sis

Com pos ites with a filler weight frac tion (10 %,
15 %, 25 %, and 35 %) of WO3 Bulk(A), WO3 NP(B),
and WO3 NP(C) were pre pared us ing the com pres sion
mold ing tech nique. The sam ple cat e gory, name, and
de scrip tion are men tioned in tab. 1. The HDPE pel lets
were ac cu rately  weighed  and  poured in a two-roll
mill mixer (XK400, Shandong, China) heated at about
170 °C for 15 minutes and at a speed of 40 rpm. Spe -
cific amounts of ei ther WO3 Bulk(A) or WO3 NP(B)
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and (C) were added to the mix ing cham ber af ter com -
plete melt ing of the poly mer ma trix with con tin u ous
mix ing for 10 minutes, to pre vent their ag glom er a tion.
The pre pared sam ples were shaken for 10 minutes to
pro mote com plete and ho mo ge neous mix ing. The
sam ples were gath ered and molded in a rect an gu lar
stain less steel mold (25 cm × 25 cm × 0.3 cm), lay ered
Tef lon was used to get a smooth sur face. Af ter that, the
hot press was ap plied at 10 MPa and 170 °C for 10
minutes, the pres sure was in creased pro gres sively to
20 MPa for an other 10 minutes, the shaped com pos ite
sam ple was wa ter-cooled grad u ally to am bi ent tem -
per a ture at a rate (20 °C per minute). A pure HDPE
sam ple was pre pared with out  any WO3  ad di tive,  five 
disc  spec i mens of 8.3 cm in di am e ter were cut from
each pre pared sheet to in ves ti gate their ra di a tion
shield ing char ac ter is tics against X-rays.

EXPERIMENTAL TECHNIQUES

The XRD analysis

The X-ray dif frac tion (XRD) pat terns of bulk
WO3 and the pre pared WO3 nanoparticle sam ples
were ob tained by XRD (Bruker, D8 ad vance) us ing a
Cu-ka ra di a tion source (l = 0.154 nm) within a range
of 20º £ 2q £ 70º. The run ning con di tions for the X-ray
tube were 40 kV and 40 mA, re corded with an in cre -
ment step of 0.02° and ex po sure time of 1 second. The
ref er ence for the peaks fit ting was taken from the In -
ter na tional Cen tre for Dif frac tion Data (ICDD) PDF-
2/2013 da ta base.

The TEM analysis

A trans mis sion elec tron mi cro scope, TEM, (JEOL, 
JEM-2100F) was used and op er ated at 200 kV to study
the size of the pre pared WO3 nanoparticles. The sam ple
pow der was dis persed in eth a nol with ul tra-sonication by 
di rectly de pos it ing one drop on a Cu grid.

The EDX analysis

The en ergy dispersive X-ray, EDX, anal y sis of
the syn the sized com pos ites was ob served us ing
(JEOL, JCM-6000PLUS, Leb a non) op er ated un der
low vac uum, 15 kV PC-high and mag ni fi ca tion or der
of 1500. 

Measurements of X-ray
attenuation coefficients

In SSDL in the Leb a nese Atomic En ergy Com mis -
sion (LAEC), Bei rut, Leb a non, the X-ray at ten u a tion
mea sure ments were done us ing an X-ray Irradiator Sys -
tem (X80-225 kV) in te grated by Hopewell De signs, Inc.
The ba sic com po nents of the sys tem con sist of an X-ray
gen er a tor (COMET, XRP-225), a con trol ler (COMET,
XRG), and an X-ray tube (COMET, MXR-225). The
gen er ated X-rays were mea sured us ing a cal i brated
Radcal di ag nos tic de tec tor (AGMS-DM+, USA) con -
nected to a Radcal di ag nos tic do sim e ter (Accu-Gold+
Touch, USA). The de tec tor is a Solid State kV/dose
multisensor for ra di og ra phy, flu o ros copy, den tal, and
mam mog ra phy X-rays with a min i mal dose sen si tiv ity of 
80 nGy. The dis tance be tween the X-ray tube and the de -
tec tor was set to 100 cm, the ex po sure was set at 10 mA
and 30 s for the nar row X-ray beam qual i ties (N-se ries):
N40, N60, N80, N100, N120, and N150 that is in con for -
mance with ISO 4037-1 [20], and the cri te ria set in IEC
61267 stan dards [21]. The mean en er gies of these ra di a -
tion qual i ties given in ISO 4037-1 are shown in tab. 2.

The X-ray irradiation system set-up 

The set-up and ge om e try of the mea sure ment
sys tem at SSDL in LAEC are dis played in fig. 1.

The sys tem con sists of an X-ray ir ra di a tion room 
(I) and a sep a rated con trol room (II) equipped with the
fol low ing com po nents and subcomponents: gen er a tor
(1), cooler (2), X-ray hous ing (3), X-ray tube (4), shut -
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Table 1. Sample category, name, and descriptions

Category Sample name Descriptions

HDPE HDPE Polymer without reinforcement

Polymer composites of WO3 Bulk(A)
[Pure tungsten oxide as received]

10 wt.% WO3 Bulk(A) HDPE reinforced with 10 wt.% of WO3 Bulk(A)

15 wt.% WO3 Bulk(A) HDPE reinforced with 15 wt.% of WO3 Bulk(A)

25 wt.% WO3 Bulk(A) HDPE reinforced with 25 wt.% of WO3 Bulk(A)

35 wt.% WO3 Bulk(A) HDPE reinforced with 35 wt.% of WO3 Bulk(A)

Polymer composites of WO3 NP(B)
[Tungsten oxide milled for 30 min]

10 wt.% WO3 NP(B) HDPE reinforced with 10 wt.% of WO3 NP(B)

15 wt.% WO3 NP(B) HDPE reinforced with 15 wt.% of WO3 NP(B)

25 wt.% WO3 NP(B) HDPE reinforced with 25 wt.% of WO3 NP(B)

35 wt.% WO3 NP(B) HDPE reinforced with 35 wt.% of WO3 NP(B)

Polymer composites of WO3 NP(C)
[Tungsten oxide milled for 120 min]

10 wt.% WO3 NP(C) HDPE reinforced with 10 wt.% of WO3 NP(C)

15 wt.% WO3 NP(C) HDPE reinforced with 15 wt.% of WO3 NP(C)

25 wt.% WO3 NP(C) HDPE reinforced with 25 wt.% of WO3 NP(C)

35 wt.% WO3 NP(C) HDPE reinforced with 35 wt.% of WO3 NP(C)



ter (5), ap er ture wheel holder (6), fil ter wheel holder
(7), tube in her ent per ma nent fil ter holder (8), sam ple
holder (9), test sam ples (10), de tec tor (11), ir ra di a tion
plat form (12), video color sur veil lance sys tem (13),
la ser beam align ment (14), and re mote con trol ler to
ad just the X-ray ir ra di a tion sys tem (15). The ini tial
dose  was di rectly ex posed to the de tec tor with out hav -
ing any sam ple while the fi nal dose  was taken with the
sam ple placed on the source-to-de tec tor set-up, and
re peated by add ing five dif fer ent sam ples of the same
com pos ite, con sec u tively. The lin ear at ten u a tion co ef -
fi cient m [cm–1], for each com pos ite sam ple, was de ter -
mined as the plot ted slope of the lin ear re la tion be -
tween lnD and x given by the fol low ing equa tion af ter
the best fit ting process.

m =
é

ë
ê

ù

û
ú

1 0

x

D

Dx

ln (1)

where x is the thick ness of disc spec i mens of the same
com pos ite sam ple in cm.

The ap par ent den sity, r, of each pre pared com -
pos ite sam ple was mea sured ac cu rately by us ing a cal -
i brated bal ance with a pre ci sion of 0.1 mg, and by ap -
ply ing the Ar chi me des' tech nique [22], us ing

r r=
+ -

æ

è
ç

ö

ø
÷

A

A W B
w (2)

where A is the ap par ent mass of the spec i men, with out
wire, weighed in air, B – the ap par ent mass of the spec i men 
com pletely im mersed and with wire par tially im mersed in
wa ter, W – the ap par ent mass of the par tially im mersed
wire, and rw – the den sity of wa ter (1.00 g cm–3). Then, the
mass at ten u a tion co ef fi cient mm [cm2 g–1] is ob tained by di -
vid ing µ by the mea sured den sity of the com pos ite sam ple
r as fol lows [23]

m
m

r
m = (3)

THEORETICAL VIEWPOINT 

The the o ret i cal val ues of the mass at ten u a tion
co ef fi cients of the mix ture or com pos ite have been in -
ves ti gated by the NIST stan dard ref er ence da ta bases
based on the mix ture rule [24], as sum ing the con tri bu -
tion of each el e ment to the to tal in ter ac tion of the
X-ray pho ton. 

The to tal mass at ten u a tion co ef fi cient is ob -
tained by

m mm i m
i

w= å ( ) (4)

where wi and (mm)i rep re sent the weight frac tion and
the mass at ten u a tion co ef fi cient of the con stit u ent el e -
ments of the com pos ite, re spec tively. While the weight 
fac tion wi is de fined as

w
n A

n A
i

i i

i i
i

=
å

(5)

where Ai and ni are the atomic weight and the num ber
of for mula units of the ith con stit u ent el e ment of the
com pos ite, re spec tively.
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Table 2. The ISO 4037-1 Narrow-Spectrum N-Series

X-ray
N-Series

Effective
energy [keV]

Total filtration [mm] First HVL
[mm]Al Cu Sn

N-40 33 4 0.21 – 0.084

N-60 48 4 0.6 – 0.24

N-80 65 4 2.0 – 0.58

N-100 83 4 5.0 – 1.11

N-120 100 4 5.0 1.0 1.71

N-150 118 4 – 2.5 2.36

Fig ure 1. Di a gram of the X-ray ir ra di a tion sys tem set-up in the Leb a nese SSDL



The the o ret i cal val ues of den sity for the com pos -
ites were cal cu lated ac cord ing to the [25]

r

r r

T

m f

m m
=

+

æ

è

ç
ç
ç
ç
ç

ö

ø

÷
÷
÷
÷
÷

100

matrix filler

(6)

where mma trix is the wt.% of HDPE, mfiller – the wt.% of
WO3, rm – the den sity of HDPE, and rf  – the den sity of 
WO3.

The ex per i men tal val ues ob tained in this study
were com pared with the the o ret i cal val ues eval u ated
from Berger's da ta base, NIST XCOM, and Chantler's
da ta base, NIST FFAST. The half value layer HVL and
tenth value layer TVL are de scribed as the thick ness of
the ra di a tion shield ing ma te rial re quired to at ten u ate
the in ten sity of ra di a tion into 50 % and 10 % of its ini -
tial value, re spec tively. Both fac tors are given by

HVL =
ln 2

m
(7)

TVL =
ln 10

m
(8)

The re lax ation length, l, is the av er age dis tance
be tween two suc ces sive in ter ac tions of pho tons (also
known as the pho ton mean free path) can be com puted
by

l
m

=
1

(9)

The heavi ness of com pos ites rel a tive to pure
lead was cal cu lated as

     Heaviness
Density of composite

Density of lead
= ´ 100 [%] (10)

RESULTS AND DISCUSSION

The XRD pat terns of the filler WO3 Bulk(A),
WO3 NP(B), and WO3 NP(C) are shown in fig. 2. 

The dif frac tion peaks dis play nearly the same po si -
tion with no tan gi ble shift and are found to be highly
matched with the ICDD (PDF file 01-083-0951), in di -
cat ing the monoclinic struc ture of WO3. The main dif -
frac tion peaks were found at 2q val ues of 23.118°,
23.583°, 24.365°, 26.592°, 28.614°, 28.979°, 33.262°,
33.564°, and 34.166° cor re spond ing to the planes (002),
(020), (200), (120), (112), (121), (022), (202), and (220),
re spec tively. The char ac ter is tic peaks of WO3 Bulk(A)
in di cate high crystallinity due to the strength and sharp -
ness of the peaks. The XRD pat terns of WO3 NP(B) and
WO3 NP(C) show the same peaks iden ti cal to WO3

Bulk(A) with no shift in the po si tion of the peaks. On the
other hand, a clear broad en ing and a slight de crease in the 
in ten sity of the peaks are ob served with the de crease of
the nanoparticle size mainly for WO3 NP(C) con firm ing

that the low est de gree of crystallinity is ac com pa nied by
the smaller crys tal line size [26, 27]. 

The av er age crys tal lite size of the pre pared WO3

nanoparticles was de ter mined by Scherrer's for mula
us ing the fol low ing re la tion [28]

D =
09.

cos

l

b q
(11)

where D is the av er age crys tal line size, l – the wave -
length of Cu Ka, (l = 1.5405 Å), b – the full width at
half max i mum (FWHM) in ten sity of the peak  in ra di -
ans, and 2q – the Bragg's dif frac tion an gle. The re sults
are es ti mated at 45 nm for WO3 NP(B) and 24 nm for
WO3 NP(C).

The TEM mi cro graphs for the pre pared WO3

nanoparticles are de scribed in figs. 3(a) and 3(b). The
dif fer ent par ti cle size dis tri bu tion based on the length
scale pro vided in TEM im ages was mea sured us ing the 
Im age soft ware, where Gaussi an dis tri bu tion was per -
formed. The av er age par ti cle sizes ob tained from
TEM are 48 nm for WO3 NP(B) and 27 nm for WO3

NP(C). The re sults are ap prox i mately con sis tent with
the av er age size ex tracted from XRD spec tra. The en -
ergy dispersive X-ray anal y sis EDX was per formed to
de tect the chem i cal el e ments for the syn the sized
HDPE com pos ites WO3 bulk(A), WO3 NP(B), and
NP(C), and the re sults are shown in tab. 3.
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Fig ure 2. The XRD pat terns of WO3 Bulk(A), WO3

NP(B), and WO3 NP(C)



The C el e ments are mainly de rived from the
HDPE ma trix. Fur ther more, the EDX re sults show the
ex is tence of W el e ments from the filler in ad di tion to
Pt and Pd which were used as sput ter coat ing for the
spec i men dur ing the spec tros copy pro cess. The pres -
ence of the ox y gen peak is mainly at trib uted to the ion -
iza tion caused by the elec tron beam path gen er ated to
in ter act with the spec i men since a low vac uum is used
as a con di tion for the EDX spec tros copy. A very weak
peak of Al pres ents in the spec trum which could be at -
trib uted to the coat ing pro cess and the spec i men ped -
es tal used dur ing the spec tros copy pro cess. The mass
per cent age of W ap peared to in crease to the low est
nanoparticle size in di cat ing that WO3 NP(C) oc cu pies
the larg est sur face of the quan ti ta tive anal y sis due to
the large sur face-to-vol ume ra tio of the nanoparticles. 

The den sity val ues cal cu lated of HDPE/WO3

com pos ites us ing eqs. (2) and (6) are shown in tab. 4.
The ap par ent den si ties for all sam ples in crease with
wt.% in cre ment. The high est val ues are for the com -

pos ite HDPE/WO3 NP(C) com pared to HDPE/WO3

NP(B) and HDPE/WO3 Bulk(A), re spec tively. The
dif fer ence in den sity val ues is mainly at trib uted to a
higher num ber of WO3 fill ers per gram for WO3 NP vs. 
bulk WO3 fill ers. Fur ther more, a sig nif i cant dif fer ence 
can be no ticed be tween the the o ret i cal and ex per i men -
tal val ues of den sity in the sam ples hav ing 35 wt.% of
WO3 filler due to their ten dency to wards the for ma tion 
of voids at high filler load ing [29].

The lin ear at ten u a tion co ef fi cient µ char ac ter -
izes the prob a bil ity of a pho ton be ing scat tered or ab -
sorbed. Since the pre pared sam ples have no uni form
thick ness and the con cen tra tion of elec trons de ter -
mined by the phys i cal den sity of the sam ples are not in
to tal agree ment with the the o ret i cal val ues as il lus -
trated in tab. 4. There fore, the use of the mass at ten u a -
tion co ef fi cient µmis more con ve nient for com par ing
the X-ray at ten u a tion ca pa bil ity of the pre pared sam -
ples since it rep re sents the frac tion of pho ton in ter ac -
tions per unit mass per unit area [gcm–2], pro duc ing a
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Fig ure 3. The TEM mi cro graphs and par ti cle size dis tri bu tion of (a) WO3 NP(B) and (b) WO3 NP(C)



con stant value for a spe cific com pos ite [30]. The mea -
sured val ues of the mass at ten u a tion co ef fi cient µm, the 
the o ret i cal val ues of µm given by the NIST da ta bases
XCOM and FFAST, the dis crep ancy D % be tween the
mea sured and the the o ret i cal val ues of µmfor HDPE
and its com pos ites Bulk(A), NP(B), and NP(C) at 33,
48, 65, 83, 100, and 118 keV, re spec tively are listed in
tab. 5. It should be noted that in this study the X-ray
nar row beam qual i ties of the ISO N-se ries were used,
which ex plains the sig nif i cant dis crep ancy val ues of
some mea sure ment NIST tab u la tions and ex per i ment
re sults by an amount of about 20 % at 65 keV and 83
keV in the re gion around the K-edge. More over, the
da ta base of NIST tab u la tions does not ac count for the
size, struc ture, and den sity of the filler as well as the
uni form dis per sion of the filler within the poly mer ma -
trix. So, the at ten u a tion co ef fi cient val ues of com pos -
ites in NIST are used as the ad vi sory da ta base only.

Many re search groups re ported the pa ram e ters that 
af fect the emer gence of sig nif i cant dis crep an cies in their
stud ies. The dif fer ence be tween ex per i men tal and the o -
ret i cal val ues in dis crep an cies has been ob served by
Almeida Ju nior et al. [31], where the X-ray beam qual i -

ties of the ISO N-se ries were used and com pared the ob -
tained mass at ten u a tion co ef fi cients re sults to XCOM
and FFAST for the same atomic com po si tion which dif -
fer by more than 40 %. This was ex plained as an ef fect of
the vari a tions in the chem i cal com po si tion of the sam ples 
and the na ture of the mix ing rule that ne glects in ter ac -
tions be tween the at oms of the an a lyzed com pounds. The 
dif fer ence in the ex per i men tal data of the rel a tive re -
sponse mea sured in the study of Massillon et al. [32] us -
ing X-ray beam qual i ties of the ISO N se ries and re ported 
by Tedgren et al. [33] was about 6 % up to 15 %, where
the phan tom ma te ri als were sim i lar. This was at trib uted
to the dis sim i lar ity of the en ergy spec tra, and the geo met -
ri cal con di tions dur ing the ir ra di a tion be tween the two
ex per i ments.

Fig ures 4(a)-4(c) il lus trate the mass at ten u a tion
co ef fi cient µmof HDPE and its com pos ites WO3
Bulk(A), WO3 NP(B), and WO3 NP(C) at var i ous
filler load ings as a func tion of X-ray en ergy, as listed
in tab. 5. The val ues of the µm de crease as the X-ray en -
ergy in creases from 33 up to 65 keV, then the same be -
hav ior is ob served in the en ergy range from 83 up to
118 keV for all HDPE com pos ites. The ap par ent spike
be tween 65 and 83 keV is due to the K-edge ab sorp tion 
of W el e ments in the com pos ite. For the X-ray en ergy
range used in this ex per i ment, the pho to elec tric ef fect
rep re sents the dom i nant con tri bu tion to the to tal in ter -
ac tion with the com pos ite sam ples [34]. Usu ally, the
photo-elec trons move around and ion ize one or more
neigh bor ing at oms to gether with the prob a bil ity of
emis sion of Au ger elec trons and flu o res cent pho tons
which leads to mod i fy ing the mass at ten u a tion co ef fi -
cient of the com pos ite. As the en ergy in creases, a more 
gen er ated X-ray passes through the sam ples with out
in ter ac tion, and the oc cur rence of Compton scat ter ing
in creases, lead ing to a de crease in the mass at ten u a tion 
co ef fi cient µm. The val ues of µm in crease with the in -
cre ment of WO3 wt.% in the HDPE com pos ites for all
en er gies. This is due to the fac tor of a large num ber of
WO3 par ti cles in the poly mer ma trix which in crease
the prob a bil ity of X-ray in ter ac tion within the com -
pos ite sam ples.

To com pare the mass at ten u a tion co ef fi cients of
dif fer ent HDPE/WO3 Bulk(A), WO3 NP(B), and WO3

NP(C) com pos ites, a 3-D bar plot of µm with the color
map was used in fig. 5 vs. X-ray en er gies at var i ous
WO3 filler load ings. The par ti cle size of the WO3 filler
has a sig nif i cant ef fect on the value of µm which is
higher at the same wt.% and en ergy for the WO3

NP(C) com pos ite com pared to the WO3 NP(B) com -
pos ite and WO3 Bulk(A) com pos ite, re spec tively. The
val ues of µm were in creased with filler wt.% for all
com pos ites, while it was de creased with en ergy in di -
cat ing the sig nif i cant de pend ence of µm on both: the
filler load ing and en ergy val ues. In ad di tion, for the
same wt.% and at the same value of en ergy, the com -
pos ites HDPE/WO3 NP(C) show the high est value of 
µm com pared to bulk com pos ites and NP(B) com pos -
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Table 4. Theoretical and experimental density values for
HDPE, HDPE/WO3 Bulk(A), HDPE/WO3 NP(B), and
HDPE/WO3 NP(C) composites at different wt.%

Density values [gcm–3]

Sample
type

Theore-

tical
Experimental

HDPE 0.955 0.945 ± 0.011

– – WO3 Bulk(A) WO3 NP(B) WO3 NP(C)

10 wt.% 1.045 1.009 ± 0.025 1.019 ± 0.021 1.039 ± 0.012

15 wt.% 1.097 1.048 ± 0.034 1.055 ± 0.029 1.084 ± 0.019

25 wt.% 1.219 1.156 ± 0.044 1.178 ± 0.028 1.196 ± 0.015

35 wt.% 1.370 1.241 ± 0.091 1.273 ± 0.068 1.299 ± 0.050

Table 3. The EDX results for the chemical elements and
mass distribution in all investigated HDPE composite
samples

Sample
description

Chemical elements and mass distribution [%]

Energy [keV]

0.277 1.774 2.048 2.838 0.525 1.486

C W Pt Pd O Al

HDPE/
WO3

Bulk(A)

10 wt.% 58.49 0.25 33.94 2.91 3.77 0.63

15 wt.% 71.06 0.35 23.69 2.10 2.37 0.43

25 wt.% 47.54 0.39 44.78 4.29 2.05 0.96

35 wt.% 63.17 3.95 27.15 2.42 2.84 0.47

HDPE/
WO3

NP(B)

10 wt.% 67.23 1.53 25.81 2.36 2.55 0.51

15 wt.% 66.35 2.71 24.67 2.24 3.58 0.45

25 wt.% 62.44 4.38 28.00 2.46 2.22 0.50

35 wt.% 54.74 8.31 31.35 2.73 2.26 0.60

HDPE/
WO3

NP(C)

10 wt.% 59.15 2.83 31.90 3.01 2.57 0.54

15 wt.% 59.25 3.11 31.43 2.89 2.64 0.68

25 wt.% 62.56 6.47 25.16 2.31 2.99 0.52

35 wt.% 55.77 8.50 30.11 2.64 2.47 0.50



ites. Thus, the HDPE/WO3 NP(C) com pos ite may be
con sid ered a better po ten tial X-ray shield ing ma te rial
can di date com pared to the oth ers. This is due to the
nano-filler am pli fi ca tion in the com pos ite, which in -
creased its den sity, in ad di tion to the high sur face/vol -
ume ra tio of nano-par ti cles that in creases the prob a bil -
ity of X-ray in ter ac tion. In gen eral, a ma te rial with
high den sity is more ef fec tive for at ten u at ing the pri -
mary X-ray beam since the prob a bil ity of an X-ray in -
ter ac tion is rel a tively high due to tightly packed at oms
in side [35]. There fore, a good dis per sion of the WO3

NP filler even at high wt.% can be de duced from the
re sult ob tained.

The half value layer HVL, tenth value layer TVL 
and re lax ation length, l, are widely used pa ram e ters to 
study the ra di a tion shield ing prop er ties of the com pos -
ites. The cal cu lated val ues of HVL, TVL, and lfor all
HDPE/WO3 com pos ites, in ad di tion to the HVL of
pure lead, at dif fer ent X-ray en er gies are given in tab.
6.

Based on the re sults found in tab. 6, the three pa -
ram e ters in crease by in creas ing the X-ray en ergy from
33 to 65  keV. This  be hav ior  is fol lowed by a slight de -
crease at 83 keV for all sam ples, then a sig nif i cant in -
crease is ob served for higher en ergy val ues (100-118
keV). Since, HVL, TVL, and lare in versely pro por -
tional to µm, the ob served be hav ior of the three pa ram -
e ters along with the en ergy range is at trib uted to the al -
ter ations in the val ues of µm near the K-edge. It was
no ticed that, by in creas ing the wt.% of WO3 of the
com pos ites, the val ues of HVL, TVL, and  l de crease,
re spec tively, due to the in crease of the mass at ten u a -
tion co ef fi cient and den sity. The HVL, TVL, and  l for
HDPE/WO3 Bulk(A), NP(B), and NP(C) com pos ites
vs. X-ray en ergy are dis played in figs. 6-8, re spec -
tively. It is found that the pa ram e ters of the NP(C)
com pos ite at the same filler load ing wt.% ex hibit
lower val ues com pared to NP(B) and Bulk(A) com -
pos ites for all X-ray en er gies, which re flect the su pe -
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Table 5. Measured and theoretical values of mass attenuation coefficients using the NIST databases XCOM and FFAST, and
the discrepancy of HDPE, HDPE/WO3 Bulk(A), HDPE/WO3 NP(B), and HDPE/WO3 NP(C) composites at various filler wt.%
and different energies

Sample Energy [keV]
Mass attenuation coefficient µm [cm2g–1]

Experimental value XCOM D [%] FFAST D [%]

HDPE

33 0.2110 0.2280 7.44 0.2506 15.76

48 0.1881 0.1985 5.25 0.2201 14.54

65 0.1693 0.1852 8.59 0.1982 14.56

83 0.1604 0.1758 8.77 0.1821 11.90

100 0.1559 0.1686 7.55 0.1708 8.70

118 0.1427 0.1620 11.93 0.1613 11.53

Filler wt.% Energy [keV]
Experimental value

XCOM D [%] FFAST D [%]
WO3 Bulk(A) WO3 NP(B) WO3 NP(C)

10 wt.%

33 1.4770 1.5281 1.7153 1.5289 3.39 1.6000 7.68

48 0.6632 0.6698 0.7781 0.6599 0.50 0.7186 7.70

65 0.4648 0.4806 0.52 0.3808 18.06 0.4164 10.41

83 0.6414 0.6453 0.6855 0.7055 9.08 0.7102 9.68

100 0.4355 0.4978 0.4996 0.4922 11.52 0.5012 13.09

118 0.3675 0.3699 0.3743 0.3686 0.31 0.3779 2.75

15 wt.%

33 2.0100 2.2183 2.3186 2.1794 7.77 2.2748 11.64

48 0.8736 0.9475 0.9555 0.8906 1.91 0.9678 9.73

65 0.5807 0.6353 0.6413 0.4786 17.57 0.5255 9.50

83 0.7799 0.8044 0.8095 0.9703 19.62 0.9743 9.95

100 0.6077 0.6172 0.626 0.6540 7.09 0.6664 8.81

118 0.4451 0.4582 0.46 0.4719 5.69 0.4862 8.45

25 wt.%

33 3.1300 3.1377 3.1482 3.4803 10.06 3.6242 13.63

48 1.3676 1.3709 1.4913 1.3520 1.15 1.4662 6.72

65 0.7038 0.7049 0.7392 0.6742 4.21 0.7438 5.36

83 1.2278 1.2311 1.2332 1.4999 18.14 1.5024 18.27

100 0.8975 0.9927 0.9938 0.9777 8.20 0.9968 9.96

118 0.6664 0.6876 0.6824 0.6786 1.79 0.7028 5.17

35 wt.%

33 4.2118 4.4602 4.9578 4.7813 11.91 4.9737 15.32

48 1.6699 1.7149 1.8329 1.8134 7.91 1.9647 15.01

65 0.9193 1.0689 1.1225 0.8698 5.39 0.9620 4.43

83 1.6464 1.6502 1.658 2.0296 18.88 2.0305 18.91

100 1.1317 1.2111 1.2195 1.3013 13.03 1.3272 14.73

118 0.8263 0.8477 0.8592 0.8852 6.65 0.9195 10.12



rior shield ing per for mance of the nanocomposites as
com pared to the syn the sized bulk com pos ites.

The HVL of pure lead as a con ven tional shield -
ing ma te rial at the X-ray en ergy ranges from 33 to
118 keV is used for com par i son with the in ves ti gated
HDPE com pos ites, and to clar ify their ef fec tive ness
as ra di a tion shield ing ma te ri als. Ac cord ing to the re -
sults, the best lead equiv a lent ap pears at X-ray en ergy 
83 keV, where a 3.216 mm thick ness of the 35 wt.%

HDPE/WO3 NP(C) com pos ite is equiv a lent to the
0.318 mm thick ness of pure lead, which is 10.113
times the thick ness of pure lead. There fore, the com -
pos ite with 35 wt.% of the small est par ti cle size WO3

NP(C) rep re sents a prom is ing ma te rial se lected to be
used as an al ter na tive ra di a tion shield ing ma te rial for
X-ray di ag nos tic ap pli ca tions.

One of the most im por tant pa ram e ters which
must be taken into con sid er ation when choos ing a
proper ma te rial for ra di a tion shield ing is the heavi ness
com pared to lead. Poly mer com pos ites have be come
at trac tive ma te ri als for de sign ing light weight ra di a -
tion shields. Fig ure 9 shows the percent heavi ness of
the HDPE/WO3 com pos ites by as sum ing pure lead as
a ref er ence and nor mal ized to 100 %. The heavi ness
percent of HDPE is 8.33 %, while 35 wt.% of
HDPE/WO3 NP(C) is 11.45 % com pared to pure lead.
The syn the sized poly mer com pos ites and even at high
filler load ing of fer an ef fi cient light ma trix against ra -
di a tion en ergy com pared to a con ven tional lead shield.

CONCLUSION

The ex per i men tal re sults con firm the sig nif i cant
ef fect of the size and weight frac tion of the WO3 filler on
the X-ray shield ing abil ity of the new light, lead-free, and 
non-toxic HDPE/WO3 poly mer com pos ites at all in ves -
ti gated X-ray nar row-spec trum beams (N40, N60, N80,
N100, N120, and N150). The mass at ten u a tion co ef fi -
cient in creases with the in cre ment of WO3 wt.% to the
HDPE com pos ite, which is more sig nif i cant for the
NP(C) com pos ite com pared to NP(B) and Bulk(A) com -
pos ites for all X-ray en er gies. The nano-filler am pli fi ca -
tion in the poly mer ma trix re sults in high elec tron den -
sity, which in creases the prob a bil ity of the X-ray
in ter ac tion within the nano-com pos ites. The half value
layer HVL, tenth value layer TVL and re lax ation length
l de crease by in creas ing the wt.% of WO3 in the com -
pos ites. More over, the NP(C) com pos ite at the same
filler wt.% shows lower val ues of HVL, TVL, and l com -
pared to NP(B) and Bulk(A) com pos ites for all X-ray en -
er gies. In ad di tion, the sam ple with 35 wt.% HDPE/WO3

NP(C) ex hib its the best HVL com pared to lead at X-ray
en ergy 83 keV. The heavi ness per cent age of the
HDPE/WO3 com pos ites by as sum ing pure lead as a ref -
er ence even at high filler load ing of fers an ef fi cient light
ma trix com pared to the con ven tional lead ra di a tion
shield. Fur ther, the ra di a tion shield ing per for mance of
the poly mer com pos ites has su pe rior fac tors com pared to 
con ven tional lead in clud ing conformability, non-tox ic -
ity, cost-ef fec tive ness, in ad di tion to its re mark able im -
prove ment in me chan i cal prop er ties be cause of the ther -
mo plas tic na ture of the HDPE poly mer ma trix.
De pend ing on the ob tained re sults, the HDPE com pos ite
filled with WO3 NP(C) can be con sid ered as a prom is ing
novel al ter na tive shield ing ma te rial to be used in X-ray
di ag nos tic ap pli ca tions. 
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Fig ure 4. The mass at ten u a tion co ef fi cients ver sus X-ray
en ergy of the HDPE (a) WO3 Bulk(A) (b) WO3 NP(B) (c)
WO3 NP(C) com pos ite
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Fig ure 5. The com par i son 
between mass at ten u a tion
co ef fi cients of the HDPE/WO3

Bulk(A), HDPE/WO3

NP(B) and HDPE/WO3 NP(C)
com pos ite of var i ous WO3 wt.%
vs. X-ray en ergy

Fig ure 6. The HVL val ues of
the HDPE/WO3 Bulk(A)
com pos ite, HDPE/WO3

NP(B) com pos ite,
and HDPE/WO3 NP(C)
com pos ite of var i ous
WO3 wt.% vs. X-ray en ergy 
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Table 6. Measured values of HVL, TVL, and lof HDPE, HDPE/WO3 Bulk(A), HDPE/WO3 NP(B), and HDPE/WO3

NP(C) composites in addition to the HVL of pure lead at different energies

Sample Energy
[keV] HVL [cm] TVL [cm] l [cm]

HDPE

33 3.4713 11.5316 5.0081

48 3.8953 12.9400 5.6197

65 4.3267 14.3731 6.2421

83 4.5661 15.1685 6.5875

100 4.6993 15.6107 6.7796

118 5.1344 17.0561 7.4074

Filler wt.% Energy
[keV]

HVL [cm] TVL [cm] [cm]

WO3

Bulk(A)
WO3

NP(B)
WO3

NP(C)
WO3

Bulk(A)
WO3

NP(B)
WO3

NP(C)
WO3

Bulk(A)
WO3

NP(B)
WO3

NP(C)

10 wt.%

33 0.4649 0.44492 0.3888 1.5443 1.4780 1.2917 0.6707 0.6418 0.5610

48 1.0353 1.01500 0.8572 3.4392 3.3717 2.8476 1.4936 1.4643 1.2367

65 1.4772 1.41458 1.2826 4.9074 4.6991 4.2608 2.1312 2.0408 1.8504

83 1.0704 1.05357 0.9730 3.5560 3.4999 3.2324 1.5443 1.5199 1.4038

100 1.5764 1.36580 1.3350 5.2367 4.5371 4.4348 2.2742 1.9704 1.9260

118 1.8683 1.83807 1.7818 6.2064 6.1059 5.9192 2.6954 2.6517 2.5706

15 wt.%

33 0.3288 0.2960 0.2755 1.0923 0.9834 0.9155 0.4744 0.4271 0.3976

48 0.7565 0.6930 0.6687 2.5132 2.3023 2.2215 1.0914 0.9999 0.9647

65 1.1381 1.0336 0.9963 3.7809 3.4336 3.3097 1.6420 1.4912 1.4374

83 0.8474 0.8164 0.7893 2.8152 2.7120 2.6222 1.2226 1.1778 1.1388

100 1.0876 1.0640 1.0206 3.6130 3.5348 3.3905 1.5691 1.5351 1.4725

118 1.4848 1.4330 1.3883 4.9327 4.7604 4.6119 2.1422 2.0674 2.0029

25 wt.%

33 0.1914 0.1874 0.1866 0.6358 0.6226 0.6201 0.2761 0.2704 0.2693

48 0.4381 0.4290 0.3883 1.4553 1.4251 1.2899 0.6320 0.6189 0.5602

65 0.8512 0.8343 0.7833 2.8277 2.7715 2.6023 1.2280 1.2036 1.1301

83 0.4880 0.4776 0.4696 1.6211 1.5868 1.5599 0.7040 0.6891 0.6774

100 0.6675 0.5923 0.5827 2.2176 1.9676 1.9357 0.9631 0.8545 0.8406

118 0.8990 0.8553 0.8485 2.9864 2.8414 2.8189 1.2970 1.2340 1.2242

35 wt.%

33 0.1326 0.1220 0.1075 0.4405 0.4054 0.3572 0.1913 0.1760 0.1551

48 0.3344 0.3174 0.2909 1.1110 1.0545 0.9664 0.4825 0.4579 0.4197

65 0.6075 0.5093 0.4750 2.0180 1.6919 1.5779 0.8764 0.7347 0.6853

83 0.3392 0.3298 0.3216 1.1269 1.0958 1.0683 0.4894 0.4759 0.4639

100 0.4935 0.4494 0.4372 1.6393 1.4931 1.4525 0.7119 0.6484 0.6308

118 0.6758 0.6421 0.6205 2.2452 2.1331 2.0615 0.9750 0.9264 0.8953

Sample Energy
[keV] HVL [cm]

Pure lead
(Pb)

33 0.0027

48 0.0074

65 0.0167

83 0.0318

100 0.0114

118 0.0174
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EFEKTI  RAZLI^ITIH  NANO VELI^INA  I  RASUTOG  WO3

OBOGA]ENOG KOMPOZITIMA  POLIETILENA  VISOKE  GUSTINE  NA 
SLABQEQE  X-ZRA^EWA  USKOG  SPEKTRA

Rendgenski zraci N-serije uskog spektra u opsegu od 40 kV do 150 kV kori{}eni su da bi se
odredila sposobnost slabqewa zra~ewa nove kategorije polimernih kompozita proizvedenih za
potrebe za{tite. Polietilen visoke gustine sintetizovan je tehnikom modelovawa presovawem i
ugra|en je sa razli~itim koli~inama ispune (10, 15, 25, i 35 te`inskih procenata) rasutog WO3
mikro veli~ine (uzorak A) i dva uzorka WO3 nano~estica od 45 nm (uzorak B) i 24 nm (uzorak C).
Ispuna  WO3 identifikovana je i okarakterisana kori{}ewem rendgenske difrakcije i
transmisionog elektronskog mikroskopa. Raspodela mase hemijskih elemenata sintetizovanih
kompozita odre|ena je energetsko disperzivnom rendgenskom analizom. Dobijeni rezultati
razli~itih parametara slabqewa otkrili su da veli~ina ~estica i te`inski udeo WO3 ~estica
ovog kompozita imaju izuzetan uticaj na svojstva za{tite od rendgenskih zra~ewa.
Eksperimentalna merewa masenih koeficijenata slabqewa uporedena su sa teoretskim
vrednostima datim u tabelama NIST baza podataka ‡ XCOM i FFAST. Maseni koeficijent
slabqewa pove}avao se sa pove}awem WO3 te`inskog procenta kao i sa smawewem veli~ine WO3
~estica. Ovo poboq{awe parametara slabqewa nano ~esti~nih kompozita sugeri{e wihovu
izglednu primenu u za{titi od zra~ewa na dijagnosti~kom nivou.

Kqu~ne re~i: polietilen velike gustine, WO3 nano~estica, maseni koeficijent 
..........................slabqewa, za{tita od zra~ewa


